Objectives To compare accuracy and review times of FLASH-MRI-derived synovitis maps (SM) with conventional MR images (cMRI) in the assessment of articular synovitis and tenosynovitis of the hand. Methods 80 hands in 40 patients (mean age, 48 years; range, 15-72 years) were assessed for synovitis on cMRI and SM by two readers independently. Reporting times and diagnostic confidence (scale: 1=least, 5=most confident) were measured. Results from an assessment of a panel of senior musculoskeletal radiologists served as the standard of reference. Results Sensitivity and specificity for the detection of articular synovitis were 0.91/1.00 (R1) and 1.00/0.67 (R2) on cMRI and 0.87/0.75 (R1) and 0.91/0.45 (R2) on SM and for the detection of tenosynovitis 0.95/0.63 (R1) and 0.67/ 0.79 (R2) on cMRI and 0.67/0.89 (R1) and 0.38/1.00 (R2) on SM. Mean review times (cMRI/SM, sec) were 142/37 (R1) and 167/25 (R2). Mean diagnostic confidence (cMRI/SM) was 3.7/3.4 (R1) and 3.2/3.5 (R2) for articular synovitis and 4.0/4.0 (R1), 3.3/3.7 (R2) for tenosynovitis. Conclusion Synovitis maps provide a comparable diagnostic accuracy to conventional MR images in the assessment of articular synovitis and tenosynovitis of the hand. Because of short review times, synovitis maps provide a fast overview of locations with synovial enhancement.
Introduction
For the initial imaging assessment of inflammatory diseases of the hand, conventional radiography is still considered the first choice [1] . Radiography is readily available, easily reproducible, and allows easy and fast serial comparison for assessment of disease progression. Although ultrasound has been reported to be a valuable imaging tool in the assessment of articular synovitis and tenosynovitis [2] , magnetic resonance (MR) imaging has gained more importance. Besides the detailed evaluation of articular synovitis and tenosynovitis, MR also allows for earlier detection of erosions [3, 4] .
Although the interpretation of conventional radiographs and MR examinations is the radiologists' daily business, sub-specialised clinicians, particularly in dedicated hospitals such as orthopaedic centres, have been increasingly exposed to digital radiological image data since the invention and subsequent implementation of picture archive and communication systems (PACS) in the early 1990s. However, contrary to conventional radiographs, the interpretation of MR examinations with hundreds of images may be time-consuming for clinicians. Especially for the interpretation of follow up examinations an efficient method to present the data would be valuable. Advanced post-processing techniques such as volume measurement of synovitis or dynamic enhancement curves have been implemented to facilitate the assessment of disease progress or monitoring treatment response [5] [6] [7] . In the field of cardiovascular imaging [8] or abdominal imaging [9] , advanced visualisation techniques such as threedimensional volume-rendering technique (VRT) or maximum intensity projections (MIPs) are used to manage the large number of images. In a similar way we calculate synovitis maps to display the sites with increased enhancement due to synovitis of the hand and wrist on a single image. Synovitis maps are maximum intensity projections derived from a FLASH (fast low angle shot) MR sequence of the hand after intravenous (i.v.) gadolinium administration.
The purpose of this study was to compare accuracy and review times of synovitis maps derived from a 3D-fast low angle shot (FLASH) MR sequence with conventional MR images in the assessment of articular synovitis and tenosynovitis of the hand.
Materials and methods
Between June 2007 and November 2008, 40 consecutive patients (mean age, 48 years; range, 15-72 years; 14 male, 26 female) were retrospectively included in this study. All patients had been referred to our institution by the rheumatology department in our hospital for contrastenhanced MR examinations of their hands to assess for suspected inflammatory disorders of joints and tendon sheaths.
The review board waived the need for further approval for a retrospective study. All patients or their legal guardians gave their written consent for their data to be used for scientific purposes.
All examinations were performed on a 1.5 Tesla MR scanner (Avanto and Espree, Siemens Medical, Forchheim, Germany). For all examinations, the patients were positioned supine and hands first on the imaging table. In the centre of an 8-channel extremity coil, the palms of both hands were taped together ("praying hands") with only a thin layer of felt separating them from each other. The right hand was marked with two little silicone balls at the tip of the third finger and over the third metacarpophalangeal joint to prevent right and left mix-up during image analysis.
Ten millilitres of gadobutrol (Gd-BT-DO3A, Gadovist, Bayer Schering Pharma AG, Berlin, Germany) were administered via an antecubital vein at a flow rate of 1 ml/sec followed by a 40 ml bolus of sterile saline solution applied at a flow rate of 2 ml/sec. Table 1 illustrates the detailed imaging parameters of our standard, institutional MR protocol including the FLASH sequence used to calculate the synovitis maps. The standard MR protocol included a coronal, intermediate-weighted, fat-saturated sequence consisting of one measurement for each hand and a transverse, T1-weighted spin echo sequence consisting of two measurements (for the proximal and distal halves of both hands). The first FLASH sequence for both hands consisted of five measurements: The first measurement was performed before the application of contrast agent for subsequent image subtraction during image reconstruction. After this first measurement, 10 ml of gadobutrol were administered, and after a delay of 25 s the next four measurements were performed without delays between sequence acquisitions. Subsequently, a coronal, T1-weighted, fat-saturated spin echo sequence after contrast medium application consisting of one measurement for each hand was acquired followed by a second FLASH sequence consisting of three consecutive measurements without delays between them for both hands together. A transverse, T1-weighted, fat-saturated spin echo sequence after contrast medium application consisting of one measurement for both hands together was the final sequence of the examination. For the calculation of synovitis maps the 3D-FLASH sequences were subtracted from the base-line images. Five synovitis maps (MIPs) were reconstructed corresponding to the five initial measurements representing the early contrastenhanced phases, separately for each hand. For the late phase, three synovitis maps were reconstructed corresponding to the three measurements in the late contrast-enhanced phase, separately for each hand. Imaging examples are shown in Figs. 1 and 2 . The imaging time for the whole examination was 15-20 min; the imaging time for the FLASH sequences was 2-3 min for the early phase and 1-2 min for the late phase. After image reconstruction and post-processing, all image data were archived into the hospital's PACS. All image reconstruction was performed by the same radiological-technical staff who performed all the MR examinations in this study. The total time needed for synovitis map reconstruction was between 3 and 5 min. No additional staff were needed for this study.
Image analysis
For image analysis, we transferred all image data to an open source Dicom viewing and post-processing software (OsiriX) on a separate work station (MacPro, Apple, Cupertino, CA, USA), where a radiologist not involved in image analysis anonymised all examinations. The crosssectional MR images and the synovitis maps were stored in separate folders. Two readers performed all image analysis and were blinded to each other's results and to the results of a panel of senior staff musculoskeletal radiologists (AA, 16 years' experience; BB, 11 years' experience), whose consensus image analysis using all imaging and clinical information served as the standard of reference. Reader 1 was a fellowship-trained musculoskeletal radiologist (R1, 5 years' cross-sectional image interpretation experience), reader 2 a staff member of the rheumatology department (R2, not involved in radiological routine reporting, no formal training in cross-sectional image interpretation but with practical experience in outpatient clinics and therapy planning in close collaboration with the radiology department).
In a first image analysis session, both readers had access to the synovitis maps only; in the second image analysis session only the cross-sectional MR images were available. No other clinical or image information was available during all sessions. Both readers independently assessed all following locations for synovitis: the distal radioulnar joint, the radiocarpal joint, the midcarpal joint, the carpometacarpal joints, the metacarpophalangeal joints I-V, the interphalangeal joint I, the proximal interphalangeal joints II-V and the distal interphalangeal joints II-V, the tendon sheath of the extensor carpi ulnaris tendon, the carpal tendon sheath region and the phalangeal tendon sheaths I-V. A quick shot diagnosis had to be stated by both readers upon the synovitis maps within a few seconds before starting with the first analysis session to either rule out or diagnose the presence of articular synovitis or tenosynovitis.
A radiologist not involved in image analysis measured all reporting times in both image analysis sessions for both readers. The diagnostic confidence was graded separately by both readers for the assessment of articular synovitis and tenosynovitis in all image analysis sessions on a visual analogue scale from 1 to 5, with 1 the least and 5 the most confident. A radiologist not involved in image analysis graded the results of both readers and compared them with the results of the panel.
Statistical analysis
All statistical analyses were performed using commercially available software (SPSS, release 17.0, Chicago, IL, USA).
To account for the clustered nature of the data (i.e. the fact that there were neither 1440 independent joints nor 560 independent tendon sheaths but instead clusters of joints and tendon sheaths in 40 patients), a generalised estimating equation was applied for data evaluation. The sample size was determined on joint-based analyses of accuracy. Assuming 36 joints per patient, a z-test with a 0.05 twosided significance level will have >75% (76.7%) power to detect the difference between proportions of 50% and 55% (Most Pessimistic Variance Assumption) when the total number of joints is 1440. The inter-(i.e. between R1 and R2 cross-sectional MR, R1 and R2 synovitis maps, R1 and R2 quick shot diagnoses) and intra-observer (i.e. R1 crosssectional MR and R1 synovitis maps, R2 cross-sectional MR and R2 synovitis maps) agreement for both the detection of articular synovitis and tenosynovitis as well as diagnostic confidence on a per-patient basis were assessed by using k statistics and interpreted as follows: A k-value greater than 0.81 corresponded to an excellent agreement, a k-value of 0.61-0.80 corresponded to a very good interobserver agreement, a k-value of 0.41-0.60 corresponded to a good interobserver agreement, and a k-value of 0.21-0.40 corresponded to a moderate interobserver agreement. The differences in review times between the two readers and the two methods (i.e. cross-sectional MR vs. synovitis maps) were assessed separately according to the method of Bland and Altman and determined as the mean differences (bias) that are presented with 95% CI (confidence interval). Diagnostic confidence scores were compared using the Wilcoxon signed ranks test. Fig. 1 A 48-year-old woman with rheumatoid arthritis. a Contrast-enhanced coronal and transverse, T1-weighted images after fat saturation illustrating signs of hyperaemia at the capsule of the metacarpophalangeal joints II and IV of the left hand (arrows). b Synovitis map derived from a FLASH-MRI sequence demonstrating the same locations of hyperaemia (arrowheads) on one summation image Fig. 2 A 52-year-old man with rheumatoid arthritis. a Contrastenhanced coronal and transverse T1-weighted images after fat saturation depicting signs of hyperaemia at the flexor tendon sheaths II-V on the right (arrowheads) and at the capsule of the metacarpophalangeal joints II-IV (arrows). b Synovitis map providing an overview of all joints affected by articular synovitis (arrows) and additionally illustrating the enhancement pattern of tenosynovitis as the typical "tram line" sign (arrowheads) Correlation between review times of both readers and diagnostic confidence was assessed using Spearman's correlation analysis. As continuous variables were normally distributed, as demonstrated by the Kolmogorov-Smirnoff test, review times of both readers using both techniques (i.e. cross-sectional MR vs. synovitis maps) were compared using paired t-tests on a per-patient basis.
Diagnostic accuracy, sensitivity, specificity, positive predictive value and negative predictive value were assessed from Chi-squared tests of contingency, and the 95% confidence intervals were calculated. Statistics for diagnostic accuracy were calculated on joint-and tendon sheath-based and patient-based analyses; the latter defined as the presence of at least one diseased joint / tendon sheath or absence of any inflammatory joint / tendon sheath changes in each patient. Results from a consensus assessment of a panel of senior staff musculoskeletal radiologists served as the standard of reference. A p value <0.05 was considered to indicate statistical significance for all tests.
Results
The effect of clustering of joints (p=0.77) and tendon sheaths (p=0.93) within each patient for inflammatory joint and tendon sheath disorders was not significant, justifying the assumption that the joints and tendon sheaths can be analysed independently.
Inter-observer agreement
Concerning cross-sectional MRI, interobserver agreement was good (k=0.52) for the detection of articular synovitis and moderate (k=0.37) for the detection of tenosynovitis. There was a good inter-observer agreement regarding the detection of articular synovitis (k=0.47) and tenosynovitis (k=0.55) using synovitis maps. Confidence scores of both readers regarding the detection or exclusion of articular synovitis differed significantly when considering crosssectional MR (p<0.01) with mean confidence scores of 3.54 (median 4, range 2-4) for R1 and 3.50 (median 4, range 1-5) for reader 2 but were similar using synovitis maps (p=0.80). Confidence scores of both readers regarding the detection or exclusion of tenosynovitis differed significantly when considering cross-sectional MR (p<0.01) with mean confidence scores of 4.00 (median 4, range 2-5) for R1 and 3.29 (median 3, range 2-5) for reader 2 but were similar regarding synovitis maps (p=0.10). The k-values for the detection of articular synovitis and tenosynovitis indicated moderate inter-observer agreement (k=0.34) using the quick shot method. Bland-Altman analysis revealed differences in review times between the two readers (i.e. cross-sectional MR=−28±66 s, synovitis maps=12±29 s). Mean review times of R1 were significantly shorter compared with R2 regarding cross-sectional MRI (p<0.05) but were significantly (p<0.05) longer compared with R2 when considering synovitis maps. Diagnostic confidence scores and review times for both readers and both techniques (i.e. cross-sectional MR and synovitis maps) are demonstrated in Fig. 3 .
Comparison between cross-sectional MR and synovitis maps
Intra-observer agreement regarding the detection of articular synovitis (R1: k=0.59; R2: k=0.44) and tenosynovitis (R1: k= 0.49; R2: k=0.47) were good between cross-sectional MRI and synovitis maps for both readers. Confidence scores regarding the detection or exclusion of articular synovitis of R1 (p=0.13) and R2 (p=0.12) were similar when comparing synovitis maps and cross-sectional MR for each reader separately. Similarly, no significant differences (p=0.29) in confidence scores regarding the detection or exclusion of tenosynovitis were observed for R1 when comparing cross-sectional MRI and All analyses were performed including all joints and tendon sheaths synovitis maps. A significant difference in diagnostic confidence was found regarding the detection or exclusion of tenosynovitis for R2 (p<0.05) when comparing cross-sectional MRI and synovitis maps with a lower mean confidence score (3.31; median 3, range 2-5) for cross-sectional MR and a higher mean confidence score (3.72; median 4, range 2-5) for synovitis maps. Differences in review times were observed regarding cross-sectional MRI and synovitis maps for each reader separately. Mean review times were significantly longer for cross-sectional MR compared with synovitis maps for both readers (both, P<0.001).
The review times of the two readers were not correlated with the diagnostic confidence concerning cross-sectional MRI and synovitis maps separately (p>0.05).
Diagnostic accuracy
The panel of senior staff musculoskeletal radiologists identified 150/1440 joints (10.4%) affected by synovitis in 30/40 patients (75%) located in the distal radioulnar joints in 8/40 patients (20%), the radio-carpal joints in 5/40 patients (12.5%), the inter-carpal joints in 13/40 patients (32.5%), the carpometacarpal joints in 4/40 patients (10%), the metacarpophalangeal joints in 25/40 patients (62.5%), and the interphalangeal joints in 13/40 patients (32.5%), respectively. Articular synovitis was excluded in 10/40 patients (25%).
The panel identified 71/560 tendon sheaths (12.7%) affected by tenosynovitis in 21/40 patients (52.5%) located in the carpal region in 8/40 patients (20%) and the phalangeal region in 19/40 patients (47,5%), respectively. Tenosynovitis was excluded in 19/40 patients (47.5%). Diagnostic accuracy for the detection of articular synovitis and tenosynovitis of the two techniques (i.e. cross-sectional MRI and synovitis maps) and the two readers is demonstrated on per-joint based / tendon-sheath-based and per-patient-based analyses in Tables 2 and 3 . Mean diagnostic accuracy, sensitivity, specificity, positive predictive value and negative predictive value of the assessment of inflammatory changes using the quick shot method are demonstrated in Table 4 .
Discussion
The aim of our study was to demonstrate and evaluate the ability of synovitis maps, derived from a fast low angle shot (FLASH) MR sequence, to illustrate and depict articular synovitis and tenosynovitis of the hand compared with cross-sectional MR sequences with a panel of musculoskeletal imaging experts serving as the standard of reference.
The FLASH technique was originally developed by a work group around Frahm, in order to establish a rapid gradient echo sequence to significantly shorten the time of acquisition and to enable a more detailed depiction of anatomical structures without losing spatial resolution [10] . FLASH sequences may be added to any MRI protocol as their acquisition time is short. In our study, the acquisition of FLASH sequences required 4-5 min per patient. Taking advantage of the rapid acquisition times, FLASH sequences are commonly applied in MR angiography [11] , in general MR imaging of the thorax or abdomen and in cardiac MR imaging. The use of this fast imaging technique for the assessment of inflammatory joint and tendon sheath changes is rational because such changes are associated with increased blood flow and increased capillary permeability and thus early contrast enhancement. However, little has been published on the use of 3D-MRI in the assessment of articular synovitis and tenosynovitis. Mori et al [12] proposed the use of MIP images reconstructed from transverse, T1-weighted, contrast-enhanced MR images after fat saturation and suggested the introduction of a new scoring system for MIP imaging of the hand in rheumatoid arthritis. Usually, reproducible scoring systems such as the Outcome Measures in RA Clinical Trials (OMERACT) include the assessment of bone erosions, bone marrow oedema and synovitis volume [13] , which are considered the key factors for predicting erosive progression [14] . According to the rheumatoid arthritis magnetic resonance imaging system (RAMRIS) criteria, bone erosions have to be detectable in two, preferably axial and coronal, image planes, whereas bone marrow oedema is best depicted upon non-contrast-enhanced, T2-weighted All analyses were performed including all joints and tendon sheaths images after fat saturation, preferably in the coronal plane [15] . Regarding the quantification of synovitis, the measurement of synovial volume, which should be performed on contrast-enhanced T1-weighted images after fat saturation [16, 17] , appears to be a reliable predictor of disease progression and response to treatment [18, 19] . Dynamic contrast-enhanced MRI (DCE-MRI), defined as the acquisition of sequential images during and after the injection of intravenous contrast agent, is capable of evaluating the time course of synovial enhancement, which may be illustrated graphically. To perform DCE-MRI of the hand and wrist, improved temporal and spatial resolution is necessary due to the fast enhancement of the synovium and the relatively small anatomical structures. Therefore, rapid 3D sequences with high spatial resolution should be chosen [20, 21] . A correlation between the results of DCE-MR and clinical findings such as joint swelling, pain and disease activity scores has been reported [22] [23] [24] . Various studies have demonstrated the importance of an early depiction of synovitis and tenosynovitis by MR imaging in order to start proper treatment and avoid disease progression [25, 26] .
Comparing the diagnostic accuracy in the assessment of articular synovitis and tenosynovitis of MRI with that of other imaging techniques such as ultrasound, computed tomography (CT), radiography and scintigraphy, the superiority of MR imaging has been demonstrated by different study groups. Weiner et al reported a rather low sensitivity (32%) in the detection of joint abnormalities using radiography and point out the advantage of MR imaging in comparison to ultrasound [2] . Cyteval demonstrated that Doppler ultrasound can be used to differentiate active from inactive synovitis but propose DCE-MRI as the imaging method of choice regarding the evaluation of synovitis [27] . Several reports emphasise that MR imaging is superior to radiography in the detection of erosions within the first year of the onset of disease [28] [29] [30] . In addition, MR represents the only technique capable of depicting bone marrow oedema, a precursor of bone destruction [31] . A further advantage of MRI over other imaging techniques is the evaluation of tendons and tendon sheaths. Tehranzadeh et al. described an improving diagnostic accuracy in the depiction of tenosynovitis using contrast-enhanced MRI compared with unenhanced MRI [32] . Eshed et al. pointed out flexor tenosynovitis as a strong early predictor of rheumatoid arthritis and reported a sensitivity of 60% and a diagnostic accuracy of 66% for the diagnosis of tenosynovitis for the flexor tendons and a sensitivity of 24% and diagnostic accuracy of 38% for the diagnosis of tenosynovitis for the extensor tendons [33] .
In our study, we have found the appearance of the enhancement pattern of tenosynovitis on the synovitis maps to be very similar to "tram lines". However, on the synovitis maps, it is not possible to differentiate between flexor and extensor tendons regarding the exact location of tenosynovitis due to the fact that synovitis maps represent 3D summation images. However, our results are superior compared with Eshed's group concerning the diagnosis of tenosynovitis, using cross-sectional MR and synovitis maps.
In our study, the diagnostic performance of cross-sectional MRI was superior to the synovitis maps when read by a radiologist. The second reader in our study was a member of the rheumatology department, who reached better results interpreting the synovitis maps than the cross-sectional MR studies. Although we do not consider the diagnostic performance of the synovitis maps sufficient for stating a diagnosis, the presented method may assist not only radiologists but also clinicians by illustrating the key findings of articular synovitis and tenosynovitis in a more convenient way. This is achieved by presenting an overview of all locations that are affected by pathological contrast enhancement, as occurs in articular synovitis and tenosynovitis. The two readers in our study also had to perform a quick shot diagnosis upon the synovitis maps to decide if inflammatory joint or tendon sheath changes were present or not. Reader 1 (Radiologist) identified 80% of patients correctly, while reader 2 (Rheumatologist) reached 75%. Furthermore the review times for synovitis maps were significantly lower for both readers if compared with crosssectional MR imaging. Therefore synovitis maps may be useful for both radiologists and clinicians, to get a quick look at the extent of inflammatory disorders of the hands before assessing the cross-sectional MR images to develop a final diagnosis.
Although synovitis maps may add value to a standard MR protocol, we need to allege some limitations at this point. First, the detailed localisation of the affected anatomical structure is restricted due to the fact that synovitis maps are reconstructed summation images. Second, other anatomical or pathological structures may imitate synovitis or tenosynovitis such as any focus of hyperaemia. We have observed the onychostroma to show such hyperattenuation. Small haemangiomas or arteriovenous malformations may imitate an inflammatory focus on synovitis maps. Third, bone marrow oedema may not be depicted on the synovitis maps. Fourth, we have to state that Reader 2 was a staff member of the rheumatology department and was therefore less experienced in reading MR images than Reader 1, who was a Radiologist.
Conclusion
Synovitis maps provide a comparable diagnostic accuracy to conventional MR images in the assessment of articular synovitis and tenosynovitis of the hand. Because of short review times, synovitis maps provide a fast overview of locations with synovial enhancement.
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